This paper presents experimental and theoretical investigations of adsorption characteristics of ethanol onto metal organic framework namely MIL-101Cr. Adsorption isotherms and kinetics of the studied pair have been measured gravimetrically using a magnetic suspension adsorption measurement unit and volumetrically employing a Quantachrome Autosorb iQ MP machine. The Keywords: adsorption isotherms; adsorption kinetics; ethanol; metal organic framework. 
2 present experiments have been conducted within relative pressures between 0.1 and 0.9 and adsorption temperatures ranging from 30 to 70 ºC, which are suitable for adsorption cooling applications. Adsorption isotherm data exhibit that 1 kg of MIL-101Cr can adsorb as high as 1.1 kg of ethanol at adsorption temperature of 30 ºC, and the Tóth equation has been used to fit the experimentally measured data. As of the experimentally measured adsorption uptake rate data, the Fickian diffusion model is found to be suitable. These data are essential for designing a new generation of adsorption chiller.
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Nomenclature

Introduction
Metal-organic frameworks (MOFs) are materials in which metal-to-organic ligand interactions yield porous coordination networks. It is proven that the MOFs have higher surface area than activated carbons and zeolites. They are widely used in methane and hydrogen storage, gas separation and catalysis [1] [2] [3] [4] [5] [6] [7] [8] [9] . Moreover, extensive research efforts have been conducted recently to investigate the possible use of the MOFs in adsorption cooling applications.
Following are some representative examples. Henninger et al. [10] tested the cycle stability of sorption materials and composites for possible use in heat pumps and adsorption cooling. The authors tested common materials such as silica gels and zeolites and other developed materials 4 like aluminophosphates (AlPO), silica aluminophosphates (SAPO) and metal organic frameworks. The studied materials have been analyzed under continuous thermal cycling in a water vapor atmosphere. Jeremias et al. [11] discussed the feasibility of using the metal-organic frameworks UiO-66(Zr), UiO-67(Zr), H 2 N-UiO-66(Zr) and H 2 N-MIL-125(Ti) in heat transformation. Adsorption isotherms of water onto the studied types of MOFs have been presented and analyzed. Water sorption onto functionalized MIL-101Cr has also been investigated for possible use in adsorption chillers [12] . Adsorption characteristics of water into two types of MOFs has been experimentally investigated and compared with that of silica gel/water pair [13] . Aristov [14] reviewed several classes of materials potentially promising for adsorption heat transformation applications. These materials include metalaluminophosphates (AlPOs, SAPOs, MeAPOs), selected types of metal-organic frameworks, ordered porous solids, porous carbons and various composites (SWSs, AlPO-Al foil). Other studies on adsorbent/refrigerant pairs for cooling applications could be found elsewhere [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . However,
there is no precise analysis on the adsorption isotherm and kinetics of ethanol on to MOFs.
From the above perspectives, this study presents an experimental investigation on adsorption characteristics of MIL-101Cr + ethanol pair for adsorption cooling applications. Adsorption isotherms and kinetics of the studied pair have been measured within adsorption temperatures ranging from 30 to 70 ºC and relative pressures between 0.1 and 0.9. Tóth equation is used to express the adsorption isotherm data whilst Fickian diffusion model is found to be suitable to present the adsorption kinetics.
Materials
Structure of MIL-101Cr
The compound MIL-101Cr, introduced by the group of Férey [31] (Fig. 1b) . The vertex-sharing supertetrahedra (b)
then form a three-dimensional network ( 
Surface and pore analysis
Surface and pore analysis by nitrogen adsorption were performed on a Quantachrome Nova 3000. The nitrogen adsorption at 77.4 K shows the previously reported shape with a steep increase within low relative pressure followed by a characteristic second step at a relative pressure of approximately 0.19 p/p 0 (see Fig. 3 ). Surface area has been calculated to be 3318 6 m² g -1 using the multi-point BET approach on the adsorption path within the relative pressure range of 0.04  0.2 p/p 0 . This value is significantly below the reported surface area of up to 4230 m² g -1 [32] . This is due to the purification step. As reported by Hong et al. [32] , the purification has a major influence on the surface area. In the present work, BET areas of 2800 m 2 g -1 up to 4230 m 2 g -1 were reported on the same batch, with different purification means. The reported purification technique employed hot ethanol/water and aqueous ammonium fluoride (NH 4 F) treatment, whereas we only washed the MOF sample within DMF and ethanol at room temperature without NH 4 F treatment. However, the total pore volume, measured at a relative pressure p/p 0 = 0.98 was determined to 2.02 cm³ g -1 which is in good agreement to the reported volume of up to 2.15 cm³ g -1 . Pore size distribution calculation by NLDFT using a cylindrical pore model reveals two pores at about 10 Å and 16 Å, which are slightly lower than those estimated from the crystal structure given above [32] .
Experimental apparatus and procedure
Adsorption isotherms and kinetics of the studied pair has been measured gravimetrically using a magnetic suspension adsorption measurement unit of type MSB-VG-S2. Figure 4 shows a pictorial view of the magnetic suspension balance section which comprises; (i) balance to measure the weight of sample using a suspending system, (ii) magnetic coupling section which is equipped with the permanent magnet, (iii) circulation oil jacket to perform stable temperature control during the measurements, (iv) isothermal circulation oil bath, (v) sample cell, and (vi)
sheathed heater to heat the sample cell. Both the magnetic coupling section and sample cell is isolated using thermal insulation. The repeatability of the weight measurements is ±30μg with a relative error of ±0.002% of the reading. Three types of pressure gauges namely; (i) 3500 kPa, 
Results and discussion
Adsorption isotherms
Where W is the adsorption equilibrium uptake, W s is the saturated adsorption capacity whilst W o is the reference adsorption capacity. In the present study, the reference temperature is considered as 303 K. The parameters b is the affinity constant and b o represents the affinity at the reference temperature. The term is a constant temperature, and Q is the measure of isosteric heat of adsorption at zero fractional uptake. Figure 6 shows the measured adsorption isotherms and the fitting with Tóth equation. The numerical values of the Tóth parameters are enumerated in Table   1 .
As reported earlier, MIL-101 shows high uptakes of organic vapors e.g. benzene or methanol [32, 34] . The volumetric adsorption isotherm for ethanol onto MIL-101Cr at 20 C is presented in Fig. 7 . The very high ethanol uptake of already ~0.2 kg kg -1 at low relative pressure of 0.05 p/p 0 can be attributed to the co-ordinatively unsaturated metal sites (CUS). As reported by Hong et al. [32] , the original present terminal water molecules at the chromium (III) cluster can be removed by heating up to 150 °C under evacuation. Thus, first strong adsorption of ethanol molecules is likely to appear at the CUS. An almost linear uptake can be observed for relative pressure up to approximately 0.35 p/p 0 , corresponding to a continuous filling of the smaller cages with diameter of 29 Å (see Fig. 1d ) and an additional loading of up to ~0.95 kg kg -1 . Following a relative pressure of 0.35 p/p 0 , which may be attributed to the filling of the larger cages (see Fig.   1e ), the loading finally approaching a plateau with a total uptake of 1.1 kg kg -1 . 
Adsorption kinetics
Figures 8 and 9 show the temporal profiles of adsorption uptake and pressure of the studied pair at adsorption temperatures of 30 and 70 ºC, respectively. It is visible that, adsorption kinetics of the studied pair is relatively faster at the early stages of adsorption processes. To estimate the adsorption uptake rate of spherical shape adsorbent the following differential equation [35] can be used,
Solution of equation (4) 
In Eq. (6), the right hand side presents the fractional uptake, A is the surface area of adsorbent and V is the adsorbent particle volume. Eq. (6) can be simplified as given below;
Using Eq. (7), the diffusion time constant (D/R p 2 ) is evaluated for each adsorption step. It is found that, the estimated diffusion time constant of MIL-101Cr/ethanol pair provides underestimation of adsorption uptake for all adsorption isotherms. Therefore, a diffusion time constant correction factor of 1.2 is used at all adsorption isotherms. Fractional uptake plots of experimental versus Fickian diffusion model for certain adsorption steps are shown in Fig. 10 .
One can see from Fig. 10 that, the maximum percentage of deviation is about ±13%.
The average values of the diffusion time constant of the first three steps are estimated (see Table   2 ) and the plot of ln(D/R p 2 ) versus (1/T) is presented in Fig. 11 . Numerical values of the activation energy E a and the pre-exponent constant (D so /R p 2 ) are predicted using the Arrhenius equation given below; Experimental results show that the studied pair would be a promising candidate for developing high performance cooling device. Tables   Table 1: Parameters of Tóth isotherms model. Table 2 : Numerical values of diffusion time constant of MIL-101Cr/ethanol pair. List of Figures   Fig. 1. (a) 
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